In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in actively growing organs, under short-(6 h) and long-(2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd, through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach, respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase, was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin. Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Introduction
In the Mediterranean coastal ecosystem, the endemic seagrass Posidonia oceanica (L.) Delile plays a relevant role by ensuring primary production, water oxygenation and provides niches for some animals, besides counteracting coastal erosion through its widespread meadows (Ott, 1980; Piazzi et al., 1999; Alcoverro et al., 2001) . There is also considerable evidence that P. oceanica plants are able to absorb and accumulate metals from sediments (Sanchiz et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus influencing metal bioavailability in the marine ecosystem. For this reason, this seagrass is widely considered to be a metal bioindicator species (Maserti et al., 1988; Pergent et al., 1995; Lafabrie et al., 2007) . Cd is one of most widespread heavy metals in both terrestrial and marine environments.
Although not essential for plant growth, in terrestrial plants, Cd is readily absorbed by roots and translocated into aerial organs while, in acquatic plants, it is directly taken up by leaves. In plants, Cd absorption induces complex changes at the genetic, biochemical and physiological levels which ultimately account for its toxicity (Valle and Ulmer, 1972; Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005; Weber et al., 2006; Liu et al., 2008) . The most obvious symptom of Cd toxicity is a reduction in plant growth due to an inhibition of photosynthesis, respiration, and nitrogen metabolism, as well as a reduction in water and mineral uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000; Shukla et al., 2003; Sobkowiak and Deckert, 2003) .
At the genetic level, in both animals and plants, Cd can induce chromosomal aberrations, abnormalities in Introduction Downy mildew is a severe disease of grapevine, one of the most cultivated plants in Europe. Plasmopara viticola (Berk. & Curt.) Berl. & de Toni, the oomycete responsible for this infection, attacks all green parts of grapevine, leads to a decrease of grape yields and alters the quality of wine produced. The defence response of plants against biotic or abiotic stresses involves either preformed constitutive defences (Vance et al., 1980) or induced active mechanisms (Harborne, 1999) . The induction of biosynthesis and accumulation of phytoalexins falls in the category of active defence (Kuc, 1995; Hammerschmidt, 1999) . Thirty years ago, Langcake first identified stilbenes as phytoalexins of grapevine and then showed some key features of these phenolic compounds (Langcake and Pryce, 1976, 1977; Langcake et al., 1979; Langcake, 1981) .
During the last 30 years, many studies have sought to understand the antifungal activities of stilbenes. These phytoalexins were shown to reduce the germination of Botrytis cinerea conidia (Langcake and Pryce, 1976; Langcake, 1981; Hoos and Blaich, 1990) or of P. viticola sporangiophores and to reduce the mobility of zoospores (Pezet et al., 1994) . These in vitro studies were an ersatz to studies on mycelia because in vitro experiments are not possible on P. viticola mycelium, which is an obligatory biotroph. Susceptible grapevine species infected by P. viticola mainly produce trans-resveratrol (3,5,4'-trihydroxystilbene) and trans-and cis-piceid (3-Ob-D-glucoside of resveratrol) (Pezet et al., 1994) whereas resistant species produce trans-resveratrol, trans-pterostilbene (3,5-dimethoxy-4'-hydroxystilbene) and cyclic dehydrodimers of resveratrol trans-e-viniferin and trans-d-viniferin (Langcake, 1981; Dercks and Creasy, 1989; Pezet et al., 2003) . This result is corroborated by the fact that distinctive toxicities to P. viticola zoospores were reported for these stilbenes (Pezet et al., 2004a, b) . The highest concentrations of viniferins appear in resistant cultivars and they correlate with growth inhibition of Erysiphe necator (powdery mildew) (Schnee et al., 2008) . Similarly, an inhibition of the growth of P. viticola was observed in vivo on resistant cultivars producing viniferins and/or pterostilbene (Alonso-Villaverde et al., 2011). All these results suggest that stilbenes are implicated in the resistance of grapevine to fungi. Yet, the effect of stilbenes on mycelia of the biotrophic agent P. viticola remains a matter of debate (Chong et al., 2009) and obviously needs more investigation in vivo. No physical, biochemical, or genetic evidence of the direct interaction between plant-induced stilbenes and mycelium in situ is currently available. Despite the lack of direct evidence, the production of stilbenes was reported to correlate well with resistance levels to pathogens in Vitis species (Chong et al., 2009) . Therefore, the quantitative and qualitative (chemical) detection of stilbenes is used to screen disease-resistant genotypes in breeding programmes (Pool et al., 1981; Jeandet et al., 1995; Gindro et al., 2006; Shiraishi et al., 2010) .
Stilbenes are fluorescent under UV light, emitting violetblue fluorescence (Hillis and Ishikura, 1968) with an excitation peak around 320 nm and an emission peak at 390 nm in methanol as well as in leaves . Fluorimetry is therefore a potential in vivo approach to analyse naturally occurring stilbene Poutaraud et al., 2010) . Epifluorescence microscopy allowed the observation of intrinsic fluorescence of stilbenes in epidermal cell walls and guard cells (Dai et al., 1995a, b) . Fluorimetry has served to assess stilbenes in vivo in grapevine leaves: a positive correlation was found between the UVinduced violet-blue fluorescence on both abaxial and adaxial surfaces of leaves, at a macroscopic scale, and the stilbene content measured by HPLC coupled to photodiode array detectors (absorption spectra) in the extract corresponding to the measured leaf area . Hence, the local stilbene autofluorescence can be used to probe the grapevine leaf-P. viticola interaction at a microscopic scale . The latter fluorimetric study was performed on susceptible cultivars and only assessed the autofluorescence of leaf surfaces. Langcake and Lovell (1980) suggested that stilbenes are located immediately around the lesion and might inhibit the growth of P. viticola when produced at the right time and the appropriate site. Their hypothesis of stilbene involvement in the defence response of resistant genotypes implies their localization in the mesophyll, where hyphae fully develop. Yet, as Langcake (1981) admitted, the antifungal activities of stilbenes against the obligatory parasite P. viticola would be difficult to prove.
Mechanisms regulating the synthesis of stilbenes are complex (Chong et al., 2009) . Thus, investigations on stilbenes themselves in addition to those on stilbene synthase (Fornara et al., 2008; Wang et al., 2010) and its genes (Jaillon et al., 2007) are required to elucidate these mechanisms. Vitis cell suspension culture is a useful and interesting model to study these mechanisms but limited by its ex situ nature (Donnez et al., 2009) .
One key in understanding the host-pathogen interaction is nondestructive investigation of deep tissues in situ. Therefore, this study undertook a noninvasive in vivo microscopic and microspectrofluorimetric three dimensional (3D) investigation by confocal laser scanning microscopy of P. viticola-induced stilbene fluorescence in grapevine leaves. As shown by Hutzler et al. (1998) , this technique enables in vivo visualization of phenolic compounds inside leaves by 3D reconstructions and optical sections. It makes it possible to obtain information about the subcellular localization of these compounds and quantitative information about their fluorescence intensity. By localizing stilbenes during pathogenesis, the aim is to better understand the role of these phytoalexins in defence reactions against P. viticola. Yet the various leaf compartments are known to have different physicochemical characteristics that can influence stilbene fluorescence. Therefore, there were three objectives of this study: (1) to acquire 3D fluorescence images of infected and control leaves; (2) to compare three genotypes with different degrees of susceptibility; and (3) to understand physicochemical characteristics of stilbene fluorescence as factors affecting the patterns observed in tissue in vivo.
Materials and methods

Plant material and artificial infection
Three genotypes of grapevines of different degrees of susceptibility to P. viticola were used: two Vitis vinifera cv. (Muscat Ottonel and Cabernet Sauvignon) and one hybrid (RV1), which are very susceptible, susceptible and partially resistant, respectively, to P. viticola. The hybrid is a crossing of the American species Muscadinia rotundifolia with several V. vinifera cultivars. It carries the resistance allele Rpv1 (Merdinoglu et al., 2003) . Plants were grown from green cuttings in Colmar (France) at 22 6 3°C with 13/ 11 light/dark in the greenhouse. The study was performed on plants at the stage of about 15 leaves. P. viticola was obtained from naturally infected plants in Colmar. Sporangia were periodically grown in order to prepare inoculants. Sporangia were diluted in distilled water, counted, and then adjusted to a concentration of approximately 10 5 sporangia ml
À1
. The fifth leaf from the apex was detached and inoculated with the abaxial side floating on the P. viticola inoculum suspension during 5 h in darkness. The sixth leaf was also detached to be used as control and was immersed 5 h in distilled water instead of the inoculum suspension. After treatments, the leaves were put in 14-cm diameter Petri dishes with the adaxial side against wet paper and maintained under moist conditions to favour the sporulation. Time is denoted days post inoculation (dpi).
Confocal microscopy and 3D image reconstruction
The confocal microscope (LSM510 Meta, Zeiss, Jena, Germany) had an argon-ion laser (Enterprise II, Coherent, Santa Clara, CA, USA) providing wavelengths of 351 and 364 nm dynamically filtered by an acousto-optic tunable filter (AOTF). All experiments were performed with a 363 objective (Plan-Apochromat, NA 1.40 oil, Zeiss) and at room temperature (19°C). Grapevine leaf autofluorescence was excited at 351 nm (wavelength being closer to the 320 nm peak of stilbenes). The dichroic filters used were HFT UV/488 (Zeiss) for standard imaging and HFT UV (375) (Zeiss) for microspectrofluorimetry, the latter being fairly flat from 375 to 800 nm. For all image acquisitions, the AOTF was set to 50% and the detector pinhole to 82 lm. Different gains of detectors had to be used for optimal acquisition: these settings were recorded and appropriate corrections were applied (after calibration) to be able to compare images on the same intensity scale. Leaf fragments were mounted in oil for microscopy (Immersol 518N, Zeiss) with abaxial side facing the objective. The cover slips thickness was 0.170 mm (#1.5).
The array detector of the Zeiss LSM510 Meta is a spectrograph dispersing emitted fluorescence from 361.8 nm to 704.2 nm on a 32 photo-multiplier tube (PMT) array. The 32 signals were either selectively binned for standard imaging or recorded individually for microspectrofluorimetry. The images presented in this paper are the overlay of three detection channels on the Meta array detector: 361.8-479.5 nm (blue channel), 500.9-597.2 nm (green channel), and 629.3-682.8 nm (red channel). An averaging of four frames and a pixel dwell time of 1.20 ls was used. Series of XY images, called Zstack, were acquired along the Z axis, the axis perpendicular to leaf samples surface and parallel to the excitation beam. The optimal voxel size of 0.13 3 0.13 3 0.60 lm, for x, y and z directions, respectively, was used. The resolution of the acquired images was 1024 3 1024 pixels coded in 8 bits for each colour channel. For fluorescence intensity comparison, intensity scales of each of the channels (blue, green, red) were equalized between images of inoculated and control samples of a given genotype before the overlay. The Z-stacks allowed a 3D analysis that is shown here through 3D projections and optical sections (orthogonal projections).
Image acquisition was performed using the software Zen (Zeiss), and image analysis, including 3D reconstruction, was performed using the software LSM Image Browser (Zeiss) and the program ImageJ (http://rsbweb.nih.gov/ij/). The presented results (Figs. 1, 2, and 3) are representative of several experiments. Each of them was repeated at least twice for each genotype and in two different years. Trials on other confocal systems, including two-photon excitation, were unsatisfactory due to loss of emission below 400 nm.
Microspectrofluorimetry
The LSM510 Meta confocal microscope has a spectral mode able to acquire fluorescence emission spectra between 361.8 and 704.2 nm using the 32 PMT (10.7 nm bandwidth). In this study, emission spectra were acquired between 362 and 694 nm (24 bands) for every pixel during a Z-stack acquisition. In these 4D acquisitions (spectral + Z-stack) the resolution was limited to 512 3 512 pixels, so the voxel sizes of the 4D acquisitions was increased to 0.26 3 0.26 3 0.60 lm and the pixel dwell time was 1.6 ls. Using the 4D data, fluorescence emission spectra of 3D regions of interest were obtained. Analysis of the spectra was performed with ImageJ, LSM Image Browser, and the numerical/graphic program Igor 6 (WaveMetrics, Lake Oswego, Oregon).
Fluorescence spectroscopy
Fluorescence excitation and emission spectra of trans-resveratrol, trans-pterostilbene, and trans-piceid in solution (10 lM) were recorded with a spectrofluorimeter (Cary Eclipse, Varian, Les Ulis, France) in a 90°configuration at 20°C. Quartz cells of 1-cm pathlength (111-QS, Hellma, Paris, France) were used. Excitation spectra were corrected with a calibrated photodiode (S1337-1010BQ, Hamamatsu, Massy, France), and emission spectra were corrected using a standard lamp with a known spectrum (LI-COR 1800-02) as described in detail previously (Louis et al., 2006) . In addition, corrected spectra were expressed in quinine sulphate equivalent units (QSEU) as practised by Cerovic et al. (1999) : 1000 QSEU correspond to the fluorescence of 1 lM quinine sulphate dihydrate in 0.105 M perchloric acid for 1-cm light path square cells or, in general, 1 nmol cm À2 , excited at 347.5 nm and with an emission at 450 nm, under the identical conditions used to acquire the sample fluorescence spectrum. The fluorophores used were trans-resveratrol (R5010, Sigma-Aldrich, Saint Quentin Fallavier, France), trans-piceid (4992, Extrasynthese, Lyon, France), transpterostilbene (P1499, Sigma-Aldrich), and quinine sulphate dehydrate (99.0%, Fluka 22640, Sigma-Aldrich). The highest purity commercially available products were used for the solvents: ethanol (Fluka, Saint-Quentin, France), methanol (Merck, Darmstadt, Germany), propan-2-ol (Merck), ethylacetate (SigmaAldrich, Saint-Quentin, France), glycerol (Acros Organics, Geel, Belgium), water (Milli-Q, Millipore, Billerica, MA, USA), and chloroform (Baker, Deventer, Netherlands).
Results
In vivo fluorescence confocal microscopy of grapevine leaves
Presented images were acquired on three different genotypes of Vitis vinifera: cultivar Muscat Ottonel, very susceptible to P. viticola, Cabernet Sauvignon, a susceptible cultivar, and the partially resistant hybrid RV1. Although here leaves were detached, parallel observations by fluorescence macroscopy of leaves attached on whole plants were coherent with these observations (data not shown).
Sporulation confirmed the success of the artificial P. viticola inoculation, at 5 dpi and often earlier for very susceptible genotype, at 5 dpi for the susceptible genotype, and at 6 dpi for the partially resistant hybrid. The presence of sporulation is also a guarantee for the colonization of the mesophyll by P. viticola mycelium. On inoculated samples, microscopic observations were made on areas with sporangiophores and sporangia overlying stomatic cavities full of pathogen. Accordingly, the underlying mesophyll was infected. Under UV illumination, the abaxial surface of control grapevine leaves emitted two types of autofluorescence ( Fig. 1): (1) the red fluorescence of chlorophyll in chloroplasts, which are present in both guard cells (GC) and spongy parenchyma cells of the mesophyll; and (2) the blue-green fluorescence (BGF) of the periclinal (parallel to the surface) epidermal cells (EC) and GC cell walls attributed to hydroxycinnamic acids (Cerovic et al., 1999; Pfündel et al., 2006) . Inoculated grapevine leaf samples of the three genotypes displayed an increase in the BGF at the surface of GC in comparison to control samples (Fig. 1) . The same was observed in periclinal EC cell walls. This increase in BGF of the cell walls at the abaxial leaf surface is due to the autofluorescence of induced stilbenes as previously reported . In addition, both the 3D projection of the Z-stack and the orthogonal cross section view of the inoculated Cabernet Sauvignon samples show a BGF in the lumen of EC at 5 dpi (Fig. 1F, H) . The diffuse BGF of the EC lumen was very weak in the control Cabernet Sauvignon sample and was totally absent in the other genotypes, whether inoculated or control. The inoculated sample of the partially resistant genotype RV1 displayed a strong BGF located in the mesophyll (Fig. 1J, L) . This strong BGF in the spongy parenchyma and in the intercellular space in the epidermis visible at 6 dpi was observed only on the inoculated samples of RV1 and not in any other samples. Supplementary Videos S1, S2, and S3 (available at JXB online) present the volume reconstructions of control and infected tissues from each genotype (cf. Fig. 1 ).
In vivo microspectrofluorimetry of grapevine leaves Fig. 2 presents the fluorescence emission spectra of the structures seen in Fig. 1 acquired with the confocal microscope. The results shown in Fig. 2A and B were obtained on the GC and EC cell walls of Muscat Ottonel. Similar results were obtained with Cabernet Sauvignon and RV1 (data not shown). With UV excitation, periclinal cell walls of control leaves displayed a broad fluorescence emission spectrum with a maximum around 550 nm. Previous spectrofluorimetric studies performed at macroscopic scales reported a 450 nm peak of control grapevine leaves excited by UV (Cerovic et al., 1999; Poutaraud et al., 2007) . This autofluorescence was attributed to hydroxycinnamic acids in particular since their in vitro emission has a peak around 420 nm (Cerovic et al., 1999; Meyer et al., 2003) . In the present microspectrofluorimetric study, an additional '550 nm peak' was observed. The origin of this increase in green autofluorescence, which was seen before macroscopically only in the form of a small shoulder on the spectra, could not be explained (Cerovic et al., 1999; Poutaraud et al., 2007) . This green fluorescence increased with inoculation more than would be expected from the tail of stilbene fluorescence in all inoculated samples, and it is even seen as a second peak in some cases ( Fig. 2A, D) . The '550 nm peak' is probably not a photobleaching artifact because under the experimental conditions (50% power at 351 nm, 4 frames averages) the images and emission spectra were quite stable and no significant differences were observed in the shape of spectra before and after Z-stack acquisition.
Considering the BGF spectra, two phenomena occurred upon inoculation. First, the fluorescence emission increased in the blue-green part of the spectra of all inoculated grapevine leaves (Fig. 2) , and it was about 1.5 times stronger in GC than in EC cell walls (+51% versus +36% of the fluorescence spectra integrals). Second, on GC cutinized cell walls and mesophyll intercellular space ( Fig. 2A, D) , a peak emerged at 400 nm in accordance with the induction and accumulation of stilbenes . At 6 dpi, the spectrum acquired in the mesophyll of inoculated RV1 confirmed the strong BGF imaged with the confocal microscope (Fig. 1L) . In all cases, the autofluorescence induced in inoculated samples can be attributed to a new fluorophore because it was always characterized by the appearance of a new fluorescence emission peak. In inoculated samples, the new peak due to the accumulation of stilbenes is at 400 nm ( Fig. 2A, D) , at 430 nm (Fig. 2C , vacuoles of EC), or at 450 nm (Fig. 2B , EC cell walls).
Autofluorescence of P.viticola
Upon infection by P. viticola, surface hyphae and sporangiophores bearing sporangia emerge through the stomata at the abaxial side of inoculated leaves. Fluorescence microscopy under UV excitation revealed that the pathogen structures developing at the abaxial surface of grapevine leaves are autofluorescent and display a BGF (Fig. 3A) . Emission spectra of these aerial fungal structures had a maximum around 550 nm, close to the emission spectra of the underlying cell walls (Fig. 3A) . However, for all genotypes, the subepidermal pathogen structures were not visible under UV excitation. Hence, the 3D reconstruction of UV excited fluorescence of infected tissues did not allow the direct observation of the colonization of mesophyll by P. viticola. Indeed, in RV1, which displayed a strong intercellular BGF in the spongy parenchyma (Fig. 1J, L) , the mycelium colonization can be deduced in negative contrast due to large dark (nonfluorescent) lacunae, which probably reflect the presence of the hyphae of P. viticola in the host (Fig. 3C,  arrow) . This is also suggested by the sporangiophore (Fig. 3B, arrow) emerging from the stoma just above the dark structure (Fig. 3C, arrow) . The limits of these lacunae display a brighter fluorescence and suggest that the development of P. viticola was inhibited. Aniline blue staining (Diez-Navajas et al., 2007) of leaf sections confirmed the presence of mycelium in the mesophyll (not shown).
In vitro spectrofluorimetry of stilbenes
Three major physicochemical factors known to influence molecular fluorescence were tested: viscosity, polarity, and pH, at a controlled temperature of 20°C.
Effect of viscosity:
In viscous solution, the fluorescence yield of a fluorophore is increased due to the decrease of the rate of nonradiative dissipation (Valeur, 2001) . As expected, increased viscosity induced an increase in fluorescence intensity in trans-resveratrol spectra accompanied by a hypochromic shift of the emission maximum from 400 nm in water to 386 nm in 100% glycerol (Fig. 4) . This shift could be attributed to the lower polarity of this alcoholic solvent as compared to water. This result shows that viscosity has a critical influence on fluorescence yield, in this case a 137-fold increase, and has to be taken into account for interpretation of the variation of fluorescence intensity observed in vivo. Glycerol had a similar effect upon both trans-piceid and trans-pterostilbene ( Supplementary Fig. S1 ).
Effect of solvent polarity and hydrogen bonding: Fluorophores are in general sensitive to solvent polarity, changing fluorescence quantum yield, and Stokes shift (Valeur, 2001) . Six solvents of different polarities were chosen to dissolve trans-resveratrol (Fig. 5, Table 1 ). Generally, the higher the hydrogen bonding by a solvent, the higher the Stokes shift of fluorescence (Valeur, 2001) . This is confirmed with the emission spectra of trans-resveratrol in water displaying a greater Stokes shift with maximum emission spectra at 400 nm in comparison to the other four protic solvents (also considering 100% glycerol) with a maximum around 380 nm (Figs. 4 and 5, Table 1 ). This bathochromic shift of stilbene fluorescence emission in water, also observed for transpiceid and trans-pterostilbene ( Supplementary Fig. S2 ), is explained by the strong hydrogen bonding of water and is a characteristic of an aqueous medium. In the six solvents analysed, a large variation of trans-resveratrol fluorescence intensity was observed, from 50 (water) to approximately 500 QSEU (propan-2-ol) (Fig. 5) .
Effect of pH: Dissociation and proton transfer produce large effects on fluorescence. Trans-resveratrol exists in four tautomeric forms: the fully protonated form (neutral, noncharged), the mono-anionic form, the di-anionic form, and the tri-anionic form. Trans-resveratrol thus has three acidicdissociation constants that determine the protonation state in solution at a given pH: pK a 1 ¼ 8.01, pK a 2¼ 9.86, and pK a 3¼10.5 (Lopez-Nicolas and Garcia-Carmona, 2008). Below pH 7, the noncharged form of trans-resveratrol is predominant and displays the characteristic emission spectrum with a band at 400 nm in water (Fig. 6 ). When pH becomes more basic, between pK a 1 and pK a 2, the noncharged and mono-anionic forms coexist. The fluorescence intensity gradually decreases displaying a peak at 400 nm and a shoulder at 460 nm corresponding to the contribution of the mono-anionic form (Fig. 6 ). When pH is at 9, the mono-anionic form is prevalent and its characteristic spectrum with a relative low fluorescence yield and a peak at 460 nm is observed (Fig. 6 ). At pH 10 (pK a 2), both mono-anionic and di-anionic forms coexist and a clear maximum intensity at 460 nm is observed (Fig. 6) . At pH 11, the di-anionic and the tri-anionic forms coexist and the maximum emission band is still at 460 nm. At pH 12, the tri-anionic form is predominant: this has the lowest fluorescence yield and displays a maximum at 460 nm. The same experiment was done with trans-pterostilbene and transpiceid. Although piceid has only two pK a and pterostilbene only one, the results were the same except that the position of the second peak was shifted to 455 nm for piceid and to 470 nm for pterostilbene ( Supplementary Fig. S3 ). In all cases, the first peak of the noncharged form was located at 400 nm. The pH of the various solvents used in the preceding section (Figs. 4 and 5) were below 8, so below pK a 1. Fig. 5 . Fluorescence spectra of trans-resveratrol (10 lM) in solvent of different polarity: water, methanol, ethanol, propan-2-ol, chloroform, and ethylacetate. Same experimental conditions as described in Fig. 4 . See Supplementary Fig. S2 for analogous solvent series with trans-piceid and trans-pterostilbene. . Fluorescence emission spectra of aqueous solutions of trans-resveratrol (10 lM) with pH from 2 to 12. Same experimental conditions as described in Fig. 4 . See Supplementary Fig. S3 for analogous pH series with trans-piceid and trans-pterostilbenes.
Discussion
Localization of stilbene autofluorescence on infected leaves
Prior to this study, few reports on the in vivo localization of stilbenes were available despite the interest drawn by this class of stress metabolites. Dai et al. (1995a, b) reported in several histochemical studies the presence of autofluorescence of stilbenes in diffuse necrotic areas immediately around the infected guard cells. The elicitor-induced formation of cell-wall-bound stilbenes has been described in cellsuspension cultures of Scots pine (Lange et al., 1994) and experiments on V. vinifera cell-suspension suggested that stilbenes could, by binding to cell walls, contribute to their chemical reinforcement in response to stresses (Lesniewska et al., 2004; Adrian et al., 2006) . Poutaraud et al. (2007) observed the increase of blue fluorescence in abaxial and adaxial cell walls and veins. The present observation of the autofluorescence of stilbenes in cutinized cell walls (outer periclinal cell walls of epidermal cells, especially outer periclinal and anticlinal junctions, and entire cell walls of guard cells) confirms these results. Poutaraud et al. (2010) pointed out that stilbenes produced in inner leaf tissues are unlikely to be detectable by standard fluorimetry, hence explaining the small differences observed between susceptible, partially resistant, and totally resistant genotypes in the correlation between fluorescence and HPLC measurements of stilbenes. The in situ visualization of stilbene autofluorescence in vacuoles of epidermal cells and in the spongy mesophyll of grapevine leaves, achieved in the present report, has no precedent and confirms the presence of stilbenes in the inner leaf tissues. It is in good agreement with the ex situ observations realized so far, notably: protoplasts of grapevine leaves were shown to exhibit a bright blue fluorescence under UV-excitation due to stilbenes (Commun et al., 2003) and an accumulation of piceids within cells (probably in vacuoles) was observed in vitro on cell-suspensions submitted to elicitation (Donnez et al., 2011) while trans-resveratrol is mainly released in the culture medium (Donnez et al., 2009) . Trans-resveratrol release has also been described in Vitis leaves (Blaich and Bachmann, 1980) under stress conditions. The spectral comparison between inoculated and control samples, in addition to previous macroscopic scale experiments , allowed the present study to ascertain, at a microscopic scale, the contribution of stilbene fluorescence wherever new BGF was observed. Emission spectra of grapevine leaves were acquired with the shorter UV laser band available on the microscope, 351 nm. Unfortunately, this was far from the maximum excitation wavelength for stilbenes, between 300 and 330 nm. Moreover, 351-nm light excited well the fluorescence of constitutive hydroxycinnamic acids already present in noninoculated leaves. This compromise on specificity of excitation and the very high spatial resolution (0.15 3 0.15 3 0.38 lm for x, y, and z directions respectively) may explain differences observed in emission spectra of leaves between this microspectrofluorimetric study and previous investigations at a macroscopic scale that offered total choice of excitation and emission bands . Furthermore, it is worth noting that it is not possible to discriminate among the different type of stilbenes involved. Indeed, natural stilbenes induced in grapevine leaves share very close fluorescence emission spectra and yields . Imaging by mass spectrometry would provide the information on the nature and the localization of stilbenes simultaneously, but not in vivo and with a low resolution where leaf structures are not resolved, nor is depth achieved (Hamm et al., 2010) .
These in vitro spectrofluorimetric results show that the rigidity of the compartment is the most critical physicochemical factor in addition to concentration, influencing the fluorescence yield of stilbenes in vivo, while the hydrogen bonding and the polarity generated by the medium have a much lower influence on the fluorescence yield but can modify the Stokes shift. Thus, the fact that the fluorescence intensity of stilbenes was higher in GC cell walls than in mesophyll, for example, does not necessarily mean a higher concentration of fluorophores, but may just be due to the higher rigidity of the highly cutinized environment of GC. Plant tissues are formed of cells containing compartments (and microenvironments) with extreme variations of rigidity and fluidity. Natural fluorophores like stilbenes will actually be probes of local viscosity, which influence their fluorescence intensity as much as their concentration does. Viscosity in the vacuole must be close to that of a 5% solution of small molecules and electrolytes, say 1.12 cP (equivalent to 5% glycerol). Suhling et al. (2004) measured an average cytoplasmic viscosity of 2-6 cP (equivalent to 24-52% glycerol), reporting point measures from 1.2 to 10 cP (citations therein). The cuticular waxes and cutinized cell walls must offer viscosities far above that of pure glycerol. So plant tissue compartments constitute environments where fluorescence yield of stilbenes must vary at least 140-fold (much like in Fig. 4) between the vacuole or the cytoplasm and the cell walls or waxes. The pH would never exceed 7.5 in cytosol (Bligny et al., 1997) . The minimal pH is usually found in the vacuole with 5.5 (Bligny et al., 1997) and the pH of apoplasm is around 6.5 within the substomatal cavity (Felle and Hanstein, 2002) . In other words, under normal physiological conditions only the fully protonated form of stilbene is present and its fluorescence would not be modulated by any pH shifts comparable to the in vitro study. The shift of the emission peak from 400 to 430 nm seen in vacuoles (Fig. 2C) can be the consequence of the bathochromic shift of the fluorescence emission maximum of stilbenes in an aqueous environment compared to a nonaqueous one (Fig. 5) . Alternatively, an increase of the pH due to the presence of the pathogen in these structures would lead to a similar bathochromic shift of the fluorescence emission spectrum (see pH 9 in Fig. 6 ), which would apply also to infected EC cell walls. This question needs further investigations, namely the measurement of the local pH in vivo.
Localization of stilbene phytoalexins and host interaction
A recent ultrastructural study recalled that P. viticola infections on resistant genotypes are restricted to the upper part of the loose spongy mesophyll and are associated with rapid both mycelium and mesophyll cell-wall disruption (Alonso-Villaverde et al., 2011). Kortekamp et al. (1998) , in a similar investigation of the interaction of P. viticola with the host, had observed that the morphologic degeneration of the mycelium in resistant tissues started as early as 3 dpi. A histochemical study of the host and nonhost resistance to downy mildew underlined the central role of haustoria in the establishment of biotrophic parasitism and in the induction of a hypersensitive response (Diez-Navajas et al., 2008) . During the haustorium formation, fungal hyphae and plant cells come in close contact (Kortekamp et al., 1998) . Mature haustoria were never observed in nonhost species. On the other hand, in both resistant and susceptible grapevine tissues, fully developed haustoria were visible, which indicate that activation of effective defence responses depends on the haustoria-mesophyll cells' interaction (Diez-Navajas et al., 2008) . Langcake and Lovell (1980) , in their ultrastructural study, reported two types of response at the later stages of infection suggesting also a triggering of active defences in the mesophyll by haustoria. In susceptible genotypes, they observed the degeneration of the cytoplasm of host cells while the haustorium retained its normal appearance. In resistant genotypes, they reported incomplete cytoplasm degeneration and collapse of haustoria with adjacent intercellular hyphae remaining apparently healthy. The present observations on the localization of stilbene fluorescence confirm their induction in epidermal and guard-cell walls of all genotypes, susceptible and partially resistant. Stilbenes released and located in cutinized layers of the apoplast have probably a low or no efficiency in terms of toxicity against P. viticola, which is located in the mesophyll. Interestingly, this study observed a correlation between higher resistance levels and stilbene localization. While stilbene fluorescence was seen only in epidermal and guard-cell cutinized walls for the very susceptible genotype Muscat Ottonel, Cabernet Sauvignon (susceptible genotype) displayed the presence of induced stilbenes in epidermal cell vacuoles and, above all, RV1 (partially resistant genotype) displayed their presence pretty much everywhere in the spongy parenchyma (intercellular space and/or vacuoles of the mesophyll). Even if these results by themselves do not address the role of stilbenes in the growth inhibition of P. viticola in the spongy mesophyll, the fact that ultrastructural studies reported mycelial cell destruction concomitant to expulsion of mycelial cell content around haustoria in the case of resistant genotypes (Alonso-Villaverde et al., 2011) strongly suggest that stilbenes are involved in the process.
Conclusion
Imaging and comparative spectral analysis of stilbene fluorescence in vivo revealed the presence of these phytoalexins in the mesophyll of a partially resistant grapevine genotype, a presence probably underestimated because of the microenvironement dependency of fluorescent yield. It is in this very tissue that the inhibition of P. viticola mycelium apparently occurs, but a causal relationship with phytoalexins has yet to be shown in vivo. Nevertheless, confocal microscopy coupled to microspectrofluorimetry offers enough resolution to localize and characterize intrinsic fluorophores in leaf tissues. Fluorescence imaging appears more than ever the noninvasive method of choice to evaluate the local presence of different compounds. In vivo 3D confocal imaging of autofluorescence of stilbenes in epidermal and mesophyll cells could be of interest in screening for disease resistance of grapevine in breeding programmes. Such an analytical tool is also an essential prerequisite for the development of fluorescence sensors for detection of diseases straight in the field.
